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Vital Involvement of a Natural
Killer Cell Activation Receptor
in Resistance to Viral Infection
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Natural killer (NK) cells are lymphocytes that can be distinguished from T and
B cells through their involvement in innate immunity and their lack of rear-
ranged antigen receptors. Although NK cells and their receptors were initially
characterized in terms of tumor killing in vitro, we have determined that the
NK cell activation receptor, Ly-49H, is critically involved in resistance to murine
cytomegalovirus in vivo. Ly-49H requires an immunoreceptor tyrosine-based
activation motif (ITAM)—containing transmembrane molecule for expression
and signal transduction. Thus, NK cells use receptors functionally resembling
ITAM-coupled T and B cell antigen receptors to provide vital innate host defense.

Natural killer (NK) cells were first identified
because of their “natural” ability to kill tu-
mors in vitro, an ability that is now known to
occur through activation receptors that trigger
the release of perforin-containing cytolytic
granules [reviewed in (/)]. These lympho-
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cytes can be distinguished from T and B cells
because they do not express rearranged anti-
gen receptors and are not directly involved in
acquired immunity. However, NK cells par-
ticipate in early innate host defense against
pathogens and are generally thought to
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counter infections through a nonspecific re-
sponse to inflammatory cytokines that induce
their production of interferon-y (2). Yet, NK
cells appear to respond specifically against
certain pathogens. For example, in humans,
selective NK cell deficiency is associated
with recurrent systemic infections, especially
with herpesviruses such as cytomegalovirus
(3). This is closely paralleled by the suscep-
tibility of NK cell-depleted mice to murine
cytomegalovirus (MCMV) but not to lym-
phocytic choriomeningitis virus (4). Al-
though the mechanisms underlying this sus-
ceptibility are incompletely understood, NK
cell receptors that activate tumor cytotoxicity
may play important roles in innate defense
against specific infections (5).

The critical involvement of NK cell acti-
vation receptors in defense against pathogens
is highlighted by the expression of virus-
encoded proteins that interfere with natural
killing (6). In many cases, these proteins
enhance the function of inhibitory major his-
tocompatibility complex (MHC) class I-spe-
cific NK cell receptors that potentially inter-
fere with signals from activation receptors,
such as Ly-49D and Ly-49H, that are coupled
to immunoreceptor tyrosine-based activa-
tion motif (ITAM)—containing transmembrane
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Fig 1. BXD-8 mice possess the NKCB® haplotype and dis-
play MCMV susceptibility that is not complemented by
DBA/2. (A) Genetic and physical maps of NKC-linked loci
on mouse chromosome 6. A genetic linkage map and
schematic diagram of the BXD-8 chimeric chromosome 6 is
represented at left, based on the Mouse Genome Informat-
ics database (74, 25). Chromosomal regions derived from
the C57BL/6 (solid bar) or DBA/2 (open bars) inbred pro-
genitor strains are indicated, along with genetic position
(distance is indicated in centimorgans from the centro-
mere) of C57BL/6 alleles (solid arrowheads) and DBA/2
(open arrowheads) alleles for the recombination break-
points. Sequence-tagged site markers that reside close to
the centromere and telomere are also shown. Thus far, in
BXD-8, all loci reported to reside between D6Mit86 and
D6Rik59 (36 tested loci) and between /va2 and Xmmv54
(10 loci) contain DBA/2 alleles. C57BL/6 alleles account for
all BXD-8 loci reported to reside between D6Rik67 and
D6Mit198, except for the Cmv1 locus (9, 25). A physical

linkage map of the NKC is depicted in the center, with selected loci that have been useful to distinguish alleles (79).
A physical map of the Ly49 gene cluster is expanded at right (26, 27). BXD-8 and C57BL/6 NKC alleles are identically

sized for all NKC loci shown at center and for D6Wum4, D6Mit370, Ly49g, and Ly49a (L22). Surrounding Ly49h are the
Ly49%k and Ly49n pseudogenes (28). (B) MCMYV replication in F, hybrid offspring from DBA/2 and BXD-8. Three days after infection [with MCMV Smith strain,
2 % 10* plaque-forming units (PFUs)], organ viral titers were assessed in tissue homogenates collected from C57BL/6, DBA/2, BXD-8, and (DBA/2 X BXD-8)
F, hybrid mice (five mice per group), as indicated. Spleen titers are shown here; liver titers are available online (8). Each point represents the average titer
determined for an individual mouse. In the spleens of two C57BL/6-infected mice, viral replication was below the level of detection by this assay and is
indicated with asterisks. Mean viral titers for each group are depicted as horizontal bars. For mice with titers below the level of detection of the assay, the
minimum number of detectable PFUs (102) was assumed to determine the mean. This assumption overestimates the mean for the group having titers below

detectable levels.
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molecules (). To date, however, the in vivo
role of these NK cell activation receptors has
not been determined.

Certain strains of mice are resistant to
MCMYV infection in vivo, whereas others are
susceptible (7, 8). Resistant strains become
susceptible when NK cells are depleted (9),
succumbing to infection and manifesting high
viral titers in the spleen, a phenotype also
seen with perforin deficiency (5). Extensive
genetic mapping studies have indicated that a
single autosomal dominant locus, termed
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Cmvl, controls both survival and viral titers
in the spleen but not the liver (7, 10-12).
Because CmvI maps to the NK gene complex
(NKC) on mouse chromosome 6 and the
NKC contains clusters of highly related genes
encoding NK cell receptors, including the
Ly-49 family (/3), we hypothesized that a
polymorphic NK cell receptor gene may ac-
count for resistance to MCMV.

Further dissection of Cmv! was compli-
cated by the large size of the NKC, with its
high density of NK cell receptor genes, al-
ready known allelic polymorphisms, and re-
combination hotspots (/3), thwarting direct
sequence comparison or more extensive ge-
netic mapping approaches. However, the
BXD-8 recombinant inbred mouse, derived
from resistant C57BL/6 (Cmv1”) and suscep-
tible DBA/2 (CmvI®) strains, appeared to
have inherited the entire NKC and flanking
genomic segments from C57BL/6 (NKCB
haplotype) (Fig. 1A) (/4, 25). Yet, these
mice displayed the susceptible phenotype (9).
(DBA/2 X BXD-8)F, hybrid mice also dis-

played high viral titers in the spleen (Fig.
1B), demonstrating the absence of comple-
mentation by DBA/2 and suggesting that
BXD-8 mice may selectively lack expression
of the relevant C57BL/6-derived NKC gene
for MCMV resistance.

In candidate NKC gene expression analy-
ses, we determined that NK cells from
BXD-8 mice lacked reactivity with monoclo-
nal antibody (mAb) 3D10, which is specific
for Ly-49H (Fig. 2A) (15). Yet, BXD-8 NK
cells express allotypic epitopes for all other
serologically detectable CS57BL/6-derived
Ly-49 molecules, including Ly-49D, whose
gene is within ~50 kb of Ly49h, suggesting
that BXD-8 mice are selectively deficient in
Ly-49H expression (Fig. 2A) (8). Further-
more, the mAb to Ly-49H (anti-Ly-49H)
does not stimulate redirected lysis of human
Daudi targets by BXD-8 NK cells, although
other in vitro functions remain intact (Fig.
2B) (8). The absence of anti—Ly-49H reactiv-
ity was not due to the lack of an allotypic
epitope on an expressed molecule, because
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e, z
9 - S 60- 751
;h‘—ﬂq' 3 s
a L
] 2
B ' 9 40- 50+
- i o g
& 3
z @ 20- 251
03] ® %
] ﬂ 0-, T T T T T 0
8 b 0 5 10 15 20 25 3 0 5 10 15 20 25 30
E:T
(o] Bglli EcoRlI _Bglll EcoRl
o © o o
Fig 2. Selective absence of Ly-49H expression on BXD-8 NK cells due to Ly49h ,@9&& ,@Q‘S’Q‘p ,@\?é"{)‘ ;@&Qg’
structural abnormality. (A) Absence of Ly-49H expression on BXD-8 NK cells, as & glsr && Q';\- (’?Q‘Q’ & 8y
indicated by flow cytometry. Red blood cell lysed splenocytes from CS57BL/6, S 10F
BXD-8, and DBA/2 mice were stained for expression of the indicated Ly-49 . .. 8.0+
receptors (75). Cells displayed in the contour plot had been gated to exclude CD3* 10,3 - - ;
and propidium iodide™ (dead) cells. mAb DX5 was used to stain NK cells in DBA/2 8.0 6.07
mice, because the NK1.1 antigen is not expressed in this strain. The numbersinthe ¢ 0__“’ . 50+ - -
upper right quadrant of each contour plot represents the percentage of NK cells : - -
(NK1.1* or DX5* ) expressing the indicated Ly-49 receptor. (B) Absence of Ly-49H 90T = =
function in BXD-8 NK cells. Human Daudi B lymphoma target cells were incubated - -® =>| -
with interleukin-2 (IL-2)-activated NK cells generated from C57BL/6 (squares), - : 1
BXD-8 (circles), or DBA/2 (triangles) mice. Left panel: mAb 3D10 (anti-Ly-49H, ] 3.0
solid symbols) induces lysis of Daudi target cell lines by C57BL/6 IL-2—activated NK 3.0 [ BN
cells but not by BXD-8 or DBA/2 IL-2-activated NK cells (75). mAb B8-24-3 isotype -».
control (anti-Kb, open symbols) does not induce lysis of target cells, demonstrating p
the specificity of activation by mAb 3D10. Right panel: mAb 4E4 (anti-Ly-49D, solid ~ 2-0T 207
symbols) induces lysis of Daudi targets by both C57BL/6 and BXD-8 IL-2-activated . - -
NK cells but not by DBA/2 effector cells (29). Isotype control mAb AF6-88.53 - g-
(anti-K®, open symbols) fails to induce target cell lysis. Similar natural killing ability 15
of NK cells was shown by all three strains against YAC-1 targets (8). (C) Southern Ly-49G Ly-4SH

analysis of C57BL/6, DBA/2, and BXD-8 genomic DNA reveals a structural lesion in

the BXD-8 Ly49h gene. Approximately 10 pg of liver DNA from each strain was digested with either Bgl Il or Eco RI, fractionated in 1% agarose, and
transferred to Hybond-N. Ly-49G1 (full-length) and Ly-49H (177-base pair Bgl lI-Pst I) cDNA probes were labeled with [*?P]JdCTP using the Rediprime
Il random primer labeling kit (Amersham) and hybridized overnight at 42°C to duplicate blots as indicated. Final washing was done in 0.2X saline
sodium phosphate EDTA and 0.1% SDS at 55°C (Ly-49G1) or 50°C (Ly-49H) for 20 min. Molecular weight markers are noted in kilobases on the left.
C57BL/6 and BXD-8 are identical at the Ly49g locus and other Ly49 loci (8), but differ at Ly49h. Note the absence of Ly4Sh-specific bands at 3.5 kb

(Bgl Il digest) and 4.9 kb (Eco RI digest) in BXD-8 relative to C57BL/6 (arrows).
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Northern and reverse transcription polymer-
ase chain reaction analyses demonstrated that
Ly-49H transcripts were absent (8), which is
consistent with a structural abnormality in the
Ly49h gene that was demonstrable by South-
ern analysis (Fig. 2C). By contrast, the ex-
pression and genes of other Ly-49 molecules
were unaltered and corresponded to the
NKCB® haplotype in BXD-8 (Fig. 2, A and
C) (8). The selective absence of Ly-49H in a
susceptible mouse, despite an otherwise in-
tact NKCB® (resistant) haplotype, provides
strong genetic evidence in support of the
involvement of the Ly-49H NK cell receptor
in the control of MCMYV infection.

To obtain substantiating immunological
data in wild-type C57BL/6 mice, we injected
the 3D10 anti-Ly-49H before MCMYV inoc-
ulation. This treatment markedly elevated vi-
ral titers to a level comparable to that shown
with anti-NK1.1 (Fig. 3A), which effectively
eliminates all NK cells (/6), and to the

REPORTS

MCMV-susceptible phenotype in BALB/c
mice. There was no effect of anti-Ly-49H in
the liver (&), analogous to the CmvI" pheno-
type, or in spleens from mice treated with
control antibodies (Fig. 3A) (/6-18). Al-
though the paucity of available mAbs against
these receptors limited strict control of anti-
body isotypes, intact anti-Ly-49H treatment
did not alter NK cell number or subset distri-
bution (/6). Furthermore, F(ab'), anti-Ly-
49H administration also abrogated resistance,
whereas F(ab'), control fragments had no
effect (Fig. 3B), suggesting that anti-Ly-49H
may mediate its effect by blocking Ly-49H
recognition of its putative cognate ligand.
Anti-Ly-49H also dramatically altered the
survival of C57BL/6 mice infected with
MCMYV, whereas control antibodies had min-
imal or no effect (Fig. 3C). Most mice died
within 1 week of infection.

Taken together, these data unequivocally
indicate that the C57BL/6-derived Ly-49H

Fig 3. Treatment with an- TA 5 B

ti-Ly-49H results in MCMV o Qo
susceptibility in otherwise

resistant C57BL/6 mice. 5 '@' < -g- .g.
(A) Treatment with mAb 5

3D10 renders C57BL/6 §

mice susceptible to MCMV P 4-

infection.  Groups  of 3

C57BL/6 mice were either & 4]

untreated or treated with & 0

an intraperitoneal (ip.) in- o

jection of 200 pg of affin-

ity-purified mAb 5E6 (1gG,,, 3l O 3. O
anti-Ly-49C/l), 9E10 (IgG, T O O

isotype control), 3D10 (IgG, '8' B -

anti-ly-49H), or PK136 % %

(1gG,, anti-NK1.1) as indi- None 5E6 9E10 3D10PK136  None 4E4 3D10 3D10 PK136
cated (76). Two days after F(ab")2 F(ab")2
mADb treatment, mice were infected with 5 X 10* PFUs of C

MCMV i.p. Organs were harvested on day 3 after infection, 100{

and viral titers were determined with a standard viral

plaque assay. Only spleen titers are shown here; liver titers

are shown online (8). Circles represent individual mice, and __ 89

means are depicted by horizontal bars. Similar results 2

were obtained in a repeat experiment. (B) Treatment with @

F(ab'), fragments of anti-Ly-49H is sufficient to render 5 69

C57BL/6 mice susceptible to MCMV infection. Groups of 2

C57BL/6 mice were either not treated or were treated @ 401

with mAb 3D10 [anti-Ly-49H, whole antibody or F(ab’), 3

fragment], with mAb PK136 (anti-NK1.1, whole antibody), =

or with mAb 4E4 [anti-ly-49D, F(ab’), fragment], as 20

indicated. Two days after mAb treatment, mice were
infected with 5 X 10* PFUs of MCMV i.p. Mice that were
previously treated with F(ab’), fragments were given an- .
other dose on the day of infection, whereas those that 0 5
were untreated or treated with whole mAbs were mock

10 15 20
Day After Infection

treated. Splenic viral titers were determined on day 3 after infection. There were four mice in each
group, except for the mAb 4E4—-treated group, which had five. Asterisks indicate individual mice in each
group that had titers below the level of detection of the plaque assay. Means are depicted as horizontal
bars. To determine the mean, the minimum number of detectable PFUs (10 ) was assumed for mice
with titers below the level of detection of the assay. This assumption overestimates the mean for those
groups having titers below detectable levels. (C) C57BL/6 mice treated with mAb 3D10 succumb to a
sublethal dose of MCMV. Groups of C57BL/6 mice (10 per group) were either not treated (open circles)
or were treated with mAb 5E6 (open squares) (IgG,, anti-Ly-49C/1), mAb 9E10 (solid circles) (IgG,
isotype control), mAb 4E4 (triangles) (IgG,, anti-Ly-49D), mAb 3D10 (solid squares) (IgG, anti-Ly-
49H), or mAb PK136 (diamonds) (IgG,, anti-NK1.1). Two days after mAb treatment, mice were infected
with 10° PFUs of MCMV i.p. and were followed for 21 days after infection. The percentage of mice

surviving within each group was determined daily.
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NK cell activation receptor is specifically
involved in resistance to MCMYV infection in
vivo and accounts for the CmvI" phenotype.
Our previous genetic data tentatively identi-
fied a region telomeric to Ly49h in MCMV
resistance (/1, 19), and it remains possible
that this region may be a modifier of Ly-49H
expression or function. Regardless, the iden-
tification of Ly-49H as a resistance factor for
MCMV infection suggests that it may be
involved in defense against other pathogens
for which resistance loci have been genetical-
ly mapped to the NKC (/3). Alternatively,
other related receptors may be specific for
these pathogens.

Presumably, the ligand for Ly-49H is ex-
pressed on infected cells and may be related
to MHC class I molecules, because these are
the known ligands for other Ly-49 receptors
(20). However, MCMV, like other herpesvi-
ruses, has evolved numerous strategies to
down-regulate MHC class [ expression and
evade cytotoxic T cells (6). Although
MCMV encodes an MHC class [-like mole-
cule, it would be counterproductive (from the
virus point of view) as a ligand for Ly-49H,
and it may instead engage inhibitory Ly-49
receptors (2/). Alternatively, MCMYV infec-
tion could induce a host ligand for Ly-49H
that is not present normally, similar to the
proposed induced expression of ligands for
the NKG2D activation receptor in pathologic
circumstances (22). Conversely, it is possible
that the ligand is constitutively expressed but
does not trigger Ly-49H until NK cells are
released from the inhibitory influence of
MHC class | due to down-regulation by
MCMV. This latter possibility resonates with
predictions deduced from the “missing-self™
hypothesis (23).

Unlike T and B cells, individual NK cells
do not express clonally restricted, rearranged
activation receptors. Rather they express a
multitude of receptors with overlapping sub-
populations expressing the same receptors
(15). This preformed, widely expressed re-
ceptor repertoire presumably confers on NK
cells the capacity for early innate control of
pathogens during the prolonged period re-
quired for clonal expansion of antigen-specif-
ic T and B cells. One hallmark of innate
immunity, however, has been the involve-
ment of “pattern recognition receptors” that
use signaling pathways distinct from the Syk
family tyrosine kinase cascade stimulated by
ITAM-coupled T and B cell antigen receptors
(24). Although the range of pathogen speci-
ficity of Ly-49H needs to be examined fur-
ther, it more closely resembles the T cell
receptor and B cell receptor because of ITAM
association and coupling to the Syk tyrosine
kinase pathway. Thus, despite their distinct
properties, NK cells resemble T and B cells in
innate host responses to pathogens in a man-
ner not previously appreciated.
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